Poliovirus (PV) infection induces the rearrangement of intracellular membranes into characteristic vesicles
Infection of cells with poliovirus (PV) induces a number of biochemical and morphological modifications to cellular proteins and structures that are required to promote efficient replication of the virus. Previous studies have described the extensive rearrangement of membranes from intracellular organelles that generates masses of membranous vesicles that support viral RNA synthesis (11, 14, 17) and possibly encapsidation (35, 44, 48) . All viral proteins required for RNA replication, as well as newly synthesized viral RNA, are associated with the surfaces of these virus-induced vesicles. Upon isolation from infected cells, they form a rosette-like cluster surrounding and enclosing the replication complex (12, 15) . These isolated crude replication complexes are active in viral RNA synthesis in vitro (12, 28, 58) . The membrane structure appears to be essential for the initiation steps of the RNA synthesis reaction but is not required for RNA chain elongation (27) . The association of replication complexes with membranous structures appears to be a general feature of plus-strand RNA viruses (references 32, 41, 47, 50, and 55 and references therein).
Formation of the PV replication complex probably provides the structural basis for rapid and efficient RNA replication; it also causes a severe structural reorganization of the cell, leading ultimately to cytopathology and cell death. Thus, cytopathology is related to virus replication. Under restricted viral growth conditions, apoptosis serves as a second mechanism for virus-induced cell death (2, 62) . Apoptosis is generally believed to be a defense mechanism of the host that limits virus replication. Both types of cell death, however, may cause clinical symptoms in vivo (31) .
The generation of the vesicles associated with the PV replication complex depends on the production of viral nonstructural proteins (8, 13, 39) . Expression of individual viral nonstructural gene products in mammalian cells revealed that many of these proteins have multiple functions (references 6, 7, 30, 36, 45, 49, 66 , and 69 and references therein). Proteins containing 2B, 2C, or 3A sequences have membrane-binding properties and associate with cellular membranes in the absence of other viral proteins (4, 9, 18, 21, 22, 24, 25, 54, 63, 66) . Proteins 2B and 2BC thereby change the permeability of the plasma membrane and cause Ca 2ϩ ions to redistribute from the endoplasmic reticulum (ER) during infection (3, 5, 33, 66, 67) . Proteins 2B and 3A interfere with membrane traffic through the Golgi complex (23, 54) , and proteins 2BC and 2C reorganize the structure of the intracellular membranes (18) . Expression of protein 2BC induces vesicles quite similar in appearance to those formed during PV infection (18) .
Characterization of the PV-induced vesicles with immunological probes demonstrated the presence of cellular markers of the ER, Golgi complex, and lysosomes, in addition to the viral P2/P3 proteins (27, 56) . Apparently, ER membranes are used to form vesicles initially (11) , while markers for the Golgi complex colocalize with virus-induced vesicles later in infection (16) . Nuclear or cell surface membranes do not appear to contribute to the formation of vesicles. Rather, the membranes participating in vesicle formation apparently all originate from organelles involved in the secretory pathway in uninfected cells.
Exocytotic intracellular membrane traffic starts by formation of transport vesicles, which are induced by a layer of complexed proteins (coat protein complex II). This set of proteins is responsible for deforming the ER membrane and causing the vesicles to bud off from the ER (reviewed in references 51 and 57). Budding of virus-induced vesicles from the rough ER (rER) might, in principle, be based on this cellular process, adapted, and possibly enhanced by the virus. The exact mechanism of viral vesicle formation, however, is not known.
In contrast, the formation of the vesicle-containing replication complex for RNA-dependent RNA synthesis results in an intricate virus-specific organelle with no structural or functional counterpart in an uninfected cell. For the formation of the replication complex, certain functions of the protein secretory pathway, notably brefeldin A-sensitive steps, appear to play an important role. This was inferred from the finding that brefeldin A, an inhibitor of ADP-ribosylation factor 1 (ARF1) function, is an inhibitor of PV RNA synthesis in vivo (34, 42) and in a cell-free system (20) .
In this study, we investigated whether modified membrane structures induced by expression of viral or cellular membranebinding proteins might act as substrates for vesicle formation during a subsequent PV infection. We also looked for the ability of vesicles induced by PV protein 2BC or the entire set of P2 and P3 proteins to participate in the formation of replication complexes for the replication of PV.
We found that ER-derived, smooth-surfaced membranes of different morphology and protein content are not utilized to form vesicles. Vesicles induced by the expression of PV proteins and closely resembling vesicles found in PV-infected cells do not participate in the formation of replication complexes and do not associate with replication complexes engaged in RNA synthesis. Our findings suggest that a functional replication complex is formed in a coupled process involving viral translation, membrane modification and budding, and viral RNA synthesis.
MATERIALS AND METHODS

Plasmids.
For the transient expression of viral and cellular proteins, pTM plasmids containing an encephalomyocarditis virus (EMCV) internal ribosome entry site (IRES) were used (29) (Fig. 1) . The construction of plasmids pTM-2BC, pTM-2C, and pTM-2C(K135S) is described in reference 18, that of plasmid pTM-2C(1-274) is described in reference 59, and that of pTM-Fg-3AB, pTMFg-3AB DII 3E, pTM-Fg-Cyt b 5 , and pTM-Fg-␤-globin is described in reference 63. The Flag sequence (Kodak, Rochester, N.Y.) was introduced at the N terminus of the 2BC protein by PCR amplification of the PV cDNA (nucleotides [nt] 3833 to 4653) with the sense primer 5Ј-AACAACAACATATGGGAGACT ACAAGGACGACGATGACAAAGGCCTCACCAATTACATAG-3Ј, containing a NdeI site (underlined) and the Flag sequence (bold), and the antisense primer 5Ј-TCGTCCATAATCACCACTCC-3Ј. The resulting fragment was cut with NdeI and SpeI and inserted back into the plasmid to obtain pTM-Fg-2BC. To add the Flag sequence to wild-type (wt) 2C, 2C(1-274), and 2C(K135S), the sense 5Ј-TATGGGTGACTACAAGGACGACGATGACAAGGGTGACAGCTGGTTG AAGAAGTTTACTGAAGCATG-3Ј and antisense 5Ј-CTTCAGTAAACTTCT TCAACCAGCTGTCACCCTTGTCATCGTCGTCCTTGTAGTCACCCA-3Ј oligonucleotides (NdeI and SphI sites are underlined; the Flag sequence is in bold) were annealed and ligated into the corresponding plasmids, cut with NdeI and SphI.
The construction of plasmids pE5PV⌬P1 and pPV⌬P1 is described elsewhere (unpublished data). Plasmid pE5PV⌬P1 contains PV type 1 cDNA from plasmid pT7-PV1(SalI) (10) starting from nt 3371 of PV and extending to the end of the poly(A) sequence, placed downstream of the EMCV IRES in plasmid pTM-1. Plasmid pPV⌬P1 is a derivative of plasmid pT7-PV1(SalI) with a deletion of the entire P1 coding region.
Infection and transfection of HeLa cells and expression of proteins. To express plasmid-encoded proteins, HeLa cells were infected with vaccinia virus vTF7-3 and transfected with 10 g of DNA per 3.5-cm 2 plate using Lipofectin (Life Technologies, Gaithersburg, Md.) as described previously (59) . Supertransfection of already transfected cells was done as described above for the first transfection but omitting vTF7-3 infection. The efficiency of the second transfection was generally lower than that of the first. To infect cells with PV, 30 PFU of Mahoney type 1 virus per cell was adsorbed at 36°C for 30 min and the infection was left to proceed for 5 h. Superinfection of already transfected cells with PV was identical.
Time course series were used to determine the optimal expression time of membrane-binding proteins before superinfection or supertransfection. This was found to be 6 to 7 h (see Table 1 and Results).
Ab and IF. For indirect immunofluorescence (IF), cells were grown and infected or transfected on glass coverslips, fixed with paraformaldehyde, and permeabilized as described previously (16) . For the simultaneous detection of two antigens, the cell preparations were incubated with an appropriate mixture of primary antibodies (Ab) from two different animal species, washed, and incubated with a cocktail of corresponding antispecies antibodies, each of which was labeled with a different fluorochrome. After another wash, coverslips were mounted in Tris-glycerol (pH 8.5) containing 2.5% 1,4-diazabicyclo(2.2.2)octane (Sigma, Buchs, Switzerland) (65) or 1% n-propyl gallate (Sigma) (40) .
The following Ab and dilutions were used: anti-Flag M2 monoclonal Ab (MAb) (Sigma), diluted 1:200; anti-PV 2B 1D3.B1 MAb (27) PV-infected cells were quantitated by counting VPg-or 2C-positive cells within the subpopulation of productively transfected Flag-positive cells (see Table 1 ).
For the quantification of PV infection in pE5PV⌬P1-transfected cells, cultures in petri dishes containing several coverslips were transfected with the pE5PV⌬P1 DNA and incubated for 6.3 h. Before superinfection with PV, a coverslip was removed from each dish and further incubated separately for the determination of the efficiency of expression by appropriate IF. In the superinfected culture incubated in parallel, the number of PV infected cells was counted by IF using the anti-VP1 MAb.
RNA probes and FISH. The single-stranded RNA (ssRNA) probe of minus polarity, complementary to nt 6012 to 6736, was prepared and labeled with FITC-UTP (Roche Molecular Biochemicals, Mannheim, Germany) during in vitro transcription with T7 RNA polymerase from a DNA template (26) . The probe was hydrolyzed and purified as described previously (16, 26) .
This probe, nt 6012 to 6736, is complementary to a part of the 3D genomic region. There was no cross-reactivity with P2 sequences, as shown by applying the probe to cells which were transfected with DNA encoding protein 2BC. The fluorescent in situ hybridization (FISH) protocol to detect RNA of plus polarity has been described in detail previously (16, 26) .
For double-labeling ISH-IF, IF was performed in an indirect assay after completion of FISH. To preserve the viral antigen, DNase digestion of the transfected DNA and thermal denaturation of the specimen were omitted from the FISH protocol. The specificity of this modified procedure was verified in HeLa cells transfected with pE5PV⌬P1 DNA but not coinfected with vTF7-3, to avoid transcription of the plasmid DNA into RNA. Plasmid DNA was detectable only after thermal denaturation. The labeling pattern, however, was found to be different from the RNA pattern observed when RNA was transcribed (data not shown). Without a denaturation step prior to FISH, the probe complementary to nt 6012 to 6736 did not detect any double-stranded DNA (dsDNA). Likewise, the probe did not produce a signal if the specimen was treated with DNase (1 U/l at 37°C for 60 min) prior to denaturation and FISH.
Electron microscopy and confocal laser-scanning microscopy (CLSM). For electron microscopy, cell cultures were trypsinized, fixed with 2.5% glutaraldehyde and 2% OsO 4 , and embedded in Epon 812 by standard procedures. Sections were viewed in a Philips CM 100 electron microscope. For confocal laserscanning microscopy (CLSM), a Leica TCS4D microscope was used with the photomultiplier settings adjusted to avoid bleeding from one channel into the other. Raw images were adjusted for contrast and background staining with Adobe Photoshop software.
RESULTS
Morphological changes of cytoplasmic membranes by the expression of viral and cellular proteins. Expression of cellular or viral membrane-binding proteins, mediated by recombinant vaccinia viruses producing T7 RNA polymerase, was used to change the architecture of the membranes of the ER. During a subsequent PV infection, we investigated whether the altered membranes, made immunologically traceable with an N-terminal Flag epitope, could be transformed into vesicles and whether such membranes could contribute to the formation of a viral replication complex. Figure 2 shows that the aspects of the altered membranes range from myelin-like threads and whirls to smooth vesicles. The cellular protein cytochrome b 5 (Cyt b 5 ) induces concentric myelin-like membrane sheets (Fig. 2a) . PV membrane-binding proteins 2C (and certain domains thereof [18, 59] ) and 3AB transform rER into membrane configurations not found in PV-infected cells ( Fig. 2b and c) . In contrast, protein 2BC, the K135S mutant of 2C, and peptides consisting of the first 274 amino acids of wt or mutated 2C induce vesicles closely resembling those arising during a PV infection (18, 59) (Fig. 2d to f) . Thus, the membrane-binding proteins generated smooth-surfaced (i.e., ribosome-free) membranes and, concomitantly, the rER was drastically reduced. Proteins that do not bind to membranes, such as a 3AB mutant (3AB DII 3E [63] ) or ␤-globin, did not induce membrane alterations (data not shown). (Fig. 1) . The cultures were infected with PV 6 to 7 h after transfection and fixed for IF analysis after another 5 h. The number of cells expressing one of the above proteins and supporting PV infection was determined by IF. Cells expressing a membrane-binding protein were identified by IF with a mouse MAb detecting the Flag epitope. PV-infected cells were monitored simultaneously in the same preparation by measurement of their content either of 2C (after P3 protein expression) or of VPg (after P2 protein or Cyt b 5 expression), using IF with polyclonal rabbit antisera ( Table 1 ). This is visualized in Fig. 3B for cells transfected with 2BC. The percentage of cells expressing a membrane-binding protein varied between 20 and 90%, depending on the plasmid used for induction of membrane alterations. The time interval between transfection and superinfection with PV was optimized. At 6 to 7 h after transfection, the expressed proteins and the corresponding membrane alterations became detectable. Shorter intervals led to little or no membrane alterations due to a low expression of membrane-binding proteins as a consequence of PV-induced shutoff of vaccinia virus-mediated T7 RNA polymerase production. Longer times resulted in a more extensive inhibition of PV replication (see below), rendering the in situ analysis difficult. Figure 3A shows that the percentage of cells permissive for PV was 95 to 98% in vaccinia virus-infected, mock-transfected control cultures. In contrast, the cells productively transfected with plasmids encoding membrane-binding proteins showed a reduced susceptibility to PV. The percentage of PV-susceptible cells in the expressing subpopulation varied between 12 and 55% (Fig. 3A) .
As judged by fluorescence intensity, cells exhibiting both expression of a membrane-binding protein and infection with PV show a distinctly lower level of PV proteins compared with that of cells positive for PV only. This points to a direct effect of the expression of membrane-binding proteins on PV replication and not to a nonspecific inhibition of PV due to the transfection procedure per se. This is further substantiated by the observation that expression of the PV protein 3AB DII 3E, which does not bind to membranes, inhibits PV replication only in approximately 5% of the transfected cells (Fig. 3A) . Thus, the mutated, soluble protein 3AB DII 3E did not interfere with PV replication whereas the membrane-binding proteins reduced susceptibility to PV by 40 to 90%.
It should be noted that the reduced susceptibility of cells expressing membrane-binding proteins to PV infection was detected only using in situ methods. Previous biochemical analyses of RNA accumulation performed on whole-cell populations did not demonstrate significant differences in PV infection permissiveness in cell populations transfected with plasmids encoding protein 2BC (60) . To resolve this apparent discrepancy, we performed experiments quantitating PV replication by slot blot hybridization of progeny viral RNA in parallel with in situ experiments. In cultures exhibiting a 60% transfection efficiency, the number of cells supporting PV replication was typically around 55%, i.e., 40% nontransfected and thus PV-susceptible cells plus 15% transfected and PVsusceptible cells (compare with Fig. 3) . Thus, more than half of the amount of viral RNA is likely to be produced in such a culture compared to a nontransfected PV-infected culture. This reduction could not be found reproducibly by the slot blot method employed.
To test whether the reduced susceptibility of transfected cells was not due to a loss of the PV receptor as a consequence of the expression of membrane-binding proteins, the presence of the receptor was monitored by IF with anti-CD 155 Ab on the surface of living, nonpermeabilized cells. 2BC-transfected HeLa cells clearly were positive for the receptor (data not shown). Untreated HeLa cells and mutagenized HT1080 fibrosarcoma cells were used as positive and negative controls, respectively.
Membranes altered by membrane-binding proteins are not converted to PV-specific vesicles. To determine whether the altered membranes became converted to PV-specific vesicles in cells in which PV infection was not inhibited, the population of cells expressing the membrane-binding protein and still allowing PV replication was analyzed for colocalization of transfection-derived membrane-binding protein and infection-derived protein 2C or VPg. Note that both 2C and VPg can be used as markers for virus-induced vesicles. This was established in PV-infected cells, where the vesicle-associated P2 protein sequences 2C and 2B (11, 27) were found by IF to be associated with structures identical to those associated with VPg (data not shown). Figure 4 shows that the expressed membrane-binding proteins, whether of PV or cellular origin, did not colocalize in vesicles with 2C or VPg protein produced after infection. This was found regardless of whether the transfection-induced altered membranes exhibited structures not found during PV infection, such as those observed after 2C (18) (data not shown) or Cyt b 5 (Fig. 4a to c) expression, or whether the altered membranes consisted of 2C(1-274)-or 2BC-induced ER-derived vesicles that resemble those in PV-infected cells (Fig. 4d to i) .
To show that the PV-induced vesicular clusters contain viral RNA and thus represent replication complexes (11), FISH was performed to detect PV plus-strand RNA. Simultaneously, the expressed protein 2BC was detected by IF with anti-Flag MAb. Figure 4k to m show that the viral RNA does not colocalize to the preexisting 2BC-induced vesicles.
The findings indicate that PV infection does not convert transfection-induced nonvesiculated smooth membranes, although ER derived, into virus-induced vesicles. Furthermore, the vesicular rosettes harboring the viral replication complex during PV replication (15) do not incorporate altered membranes, even if the membranes are vesicles closely resembling those found in a PV replication complex. Vesicles induced by expression of all viral nonstructural proteins are not used to form replication complexes. In the above experiments, vesicles induced by protein 2BC and, consequently, carrying only this viral protein were shown not to contribute to viral replication complexes formed after subsequent virus infection. To produce vesicles which might contain a complete set of viral replication proteins, cells were transfected with a plasmid, pE5PV⌬P1, encoding the entire PV P2 and P3 regions, fused to the EMCV IRES (Fig. 1) , downstream of a T7 promoter. This plasmid encodes all of the viral proteins required for viral RNA replication and induces the formation of vesicles closely resembling in size and array those found in PV-infected cells. However, the transcripts do not serve as templates for RNA replication because they lack the PV 5Ј terminal RNA sequences and structures required for template recognition by the replication complex (unpublished data). For comparison, a control plasmid, pPV⌬P1, which encodes the same P2 and P3 regions fused to the authentic PV 5Ј untranslated region, was constructed. pPV⌬P1 produces transcripts which can be replicated by RNA-dependent RNA synthesis, whereas pE5PV⌬P1 produces transcripts only by T7-mediated DNA-dependent RNA synthesis, and these transcripts are unable to replicate on their own. Since the association of P2 proteins with viral RNA and virus-induced membranes is indicative of the formation of a PV replication complex, we tested whether the biochemical differences in RNA synthesis properties can be visualized by an in situ analysis demonstrating the intracellular location of plasmid-specific protein and RNA. pE5PV⌬P1-transfected cells accumulate viral protein and plus-strand RNA clearly in distinct, nonoverlapping regions ( Fig. 5a to c) . pPV⌬P1 induces the formation of structures in which protein and RNA largely colocalize and which resemble virus-induced replication complexes early in infection (16) (Fig. 5d to f) . Some free plus-strand RNA, thought to consist of RNA produced by T7-mediated DNA-dependent RNA synthesis, can also be seen.
To determine whether the vesicles which are induced by expression of all of the viral nonstructural proteins and which are not associated with viral RNA could be used subsequently in the formation of replication complexes by superinfecting virus, HeLa cells were transfected with pE5PV⌬P1 and 6.3 h later infected with PV. PV replication was monitored by IF at 5 h postinfection (p.i.) using MAb against capsid protein VP1, a protein from the genomic region deleted in pE5PV⌬P1 (Fig.  1) . In a mock-transfected, vaccinia virus-infected culture, which was PV infected 6.3 h after the mock transfection, 90% of the cells tested positive for PV VP1 at 5 h p.i. In a pE5PV⌬P1-transfected cell culture that was not PV infected, 95% of the cells were found positive for pE5PV⌬P1 as measured by IF with MAb against protein 2B (Fig. 6A and B, upper  panel) . In a parallel experiment with pE5PV⌬P1-transfected cells which were superinfected with PV at 6.3 h posttransfection, the percentage of PV-permissive cells was reduced by 56%, suggesting that the preexisting vesicles were not readily used in the formation of replication complexes with infecting virus (Fig. 6B, lower panel) .
These results argue that vesicles induced in the presence of all of the viral replication proteins are not recruited to support RNA synthesis of superinfecting PV and apparently are not readily formed into new replication complex vesicles. The vesicle clusters surrounding viral replication complexes appear to be assembled from cellular membrane structures by a mechanism coupled to viral RNA synthesis. This implies that preformed modified vesicles do not assemble with viral RNA to form a functional replication complex.
However, in cells transfected with 2BC and supertransfected with pE5PV⌬P1, the discrimination between vesicle populations is not observed. Together, these findings indicate that RNA synthesis is necessary for the formation of the replication complex and that the resulting replication complex does not readily exchange components with other membranous structures.
Translation of viral proteins is reduced in cells with previously altered membranes. RNA synthesis in PV-infected cells is dependent on translation of viral RNA, so that sufficient amounts of viral proteins necessary for RNA replication can be created. In pE5PV⌬P1-transfected cells, however, RNA synthesis is mediated by T7 RNA polymerase and thus is independent of translation of plasmid-derived RNA. Therefore, pE5PV⌬P1 can be used to study modifications in translational or transcriptional activity separately.
To test whether induction of membranes altered by the expression of membrane-binding protein exerts an influence on translation of viral RNA, cell cultures were transfected with 2BC and then supertransfected with pE5PV⌬P1. By combined IF and FISH, we determined the number of 2BC-expressing cells that transcribed pE5PV⌬P1 RNA and expressed the corresponding proteins. For comparison, parallel cultures of 2BC-transfected cells were superinfected with PV, where viral RNA synthesis can occur only in cells that synthesize protein. As expected, in 2BC-transfected cells superinfected with PV, all of the viral RNA-replicating cells also synthesized viral protein (data not shown). In 2BC-and pE5PV⌬P1-transfected cells, however, 52% of the 2BC-positive cells produced pE5PV⌬P1 RNA but only 16% synthesized protein from that RNA ( Table  2 ). These data suggest that translation of viral RNA is inhibited in cells whose internal membranes have been rearranged to form the 2BC-induced vesicles.
To ensure that the inhibition of translation was not due to competition for components needed to utilize the EMCV IRES, which was present in both the 2BC and pE5PV⌬P1 constructs, control cultures were transfected with constructs expressing proteins that do not bind to and modify membranes but are still translated from an EMCV IRES. The control plasmids encoded either the 3AB DII 3E mutant or ␤-globin. In both cases, approximately the same percentage of productively transfected cells subsequently produced both pE5PV⌬P1 RNA and protein (Table 2) . acteristic vesicles which assemble into a higher-order rosette structure (12, 15) surrounding and sequestering the site of RNA synthesis. It is not known what characteristics qualify a membrane for integration into replication complexes. In this study, we altered ER membranes in HeLa cells by expressing different cellular or viral membrane-binding proteins. Although the morphologies of the altered membrane structures varied depending on the protein used to induce the alterations, some of the membrane alterations induced by membrane-binding proteins, particularly by PV protein 2BC or the entire P2-P3 region, produced vesicles similar to those induced during a PV infection. Such vesicles were associated with one or multiple PV proteins. The altered membranes, which were immunocytochemically traceable, were challenged for their utilization during a subsequent PV infection.
Unexpectedly, none of the altered ER membranes contributed to PV-induced replication complexes. If the altered membranes were myelin-like threads and whirls (Fig. 2 ), they were not transformed into PV-induced vesicles. If the membrane alterations produced vesicles, such as those induced by PV protein 2BC or 2C(1-274), they were not incorporated into rosettes of replication complexes built up during a PV infection. Cells with altered intracellular membranes do not support PV replication. The expression of membrane-binding proteins led to a marked reduction of permissiveness of the cells for PV replication. No loss of PV receptor CD 155 was detected due to the expression of membrane-altering proteins.
Other studies have reported that a functional Golgi complex might be essential for PV replication (54) . Since long-term expression (12 to 14 h) of some of the membrane-binding proteins induces disruption of the Golgi stacks (59), we considered whether the inhibition of PV replication in cells expressing membrane-binding proteins might be due to an absence of Golgi complexes in the transfected cells. However, disintegration of the Golgi complex is not likely to cause failure to support virus growth, since IF analysis with a Golgi-specific MAb showed that in 85 to 90% of the cells at the time of superinfection with PV (6 to 7 h after transfection), the Golgi is morphologically intact (data not shown).
The reduction of PV replication in cells expressing a membrane-binding protein might be due to a reduced translational activity of these cells, as shown in Table 2 . The alteration in intracellular membrane morphology induced by expression of membrane-binding proteins (Fig. 2 ) might interfere with rERassociated protein synthesis by reducing the amount of available ER. This reduced translational activity might inhibit PV replication if PV RNA were translated on membrane-bound ribosomes (52, 53) . The site of PV translation is currently being investigated.
The amount of vesiculated membranes available to form a replication complex for viral transcription might become limiting in cells expressing membrane-binding proteins. This shortage of utilizable membranes seems more likely to occur in cells expressing proteins, such as Cyt b 5 , wt 2C, or 3AB, which induce membranes that are not suitable for transformation into vesicles by superinfecting PV. However, in cells expressing proteins, such as 2BC, 2C(1-274) or pE5PV⌬P1, which induce vesicles, PV replication is still largely suppressed. This indicates that preformed vesicles, even if they carry the entire set of P2 and P3 proteins, cannot be used to form replication complexes and therefore cannot compensate for a possible limiting amount of PV-induced vesicles.
Formation of a replication complex requires replicating RNA. Simultaneous intracellular localization of preformed vesicles and the replication complexes containing replicating RNA of superinfecting PV demonstrated that preformed ves- icles were excluded from PV replication complexes, and therefore they were not used for replication of the superinfecting virus (Fig. 4) . In contrast, 2BC-induced preformed vesicles associated freely with vesicles induced by supertransfection of pE5PV⌬P1, whose RNA transcript was not competent to undergo replication (Fig. 5 ). This suggests a role for RNA synthesis in forming and maintaining a replication complex.
The influence of RNA synthesis on replication complex formation was also demonstrated with the pE5PV⌬P1 construct. pE5PV⌬P1 is transcribed by T7 RNA polymerase and expresses proteins that induce vesicles but no detectable membrane-bound replication complexes (Fig. 5) . Surprisingly, the vesicles induced by pE5PV⌬P1 remained clearly separated from pE5PV⌬P1 RNA (Fig. 5) . The striking separation of RNA and vesicles formed by proteins translated from the nonreplicating RNA results from the absence of RNA replication and not from the absence of PV-specific signals or sequences in the EMCV 5Ј nontranslated region (NTR). This is inferred from similar observations made on cells transfected with a nonreplicating pPV⌬P1 construct that has an authentic PV 5Ј NTR and a replication defect due to a mutation in the 3D pol region (unpublished data).
The view that the formation and integrity of a replication complex depend on viral RNA synthesis is supported by the in vitro finding that an isolated vesicular rosette surrounding a functional replication complex can be dissociated into single vesicles in the cold, under conditions where RNA synthesis is stopped. After raising the temperature and allowing resumption of RNA synthesis, the intact rosette is re-formed (27) .
Formation of a replication complex requires viral proteins, vesicle formation, and RNA replication in cis. We interpret our data to mean that during the onset of the rapid replication of PV as occurs in a living cell, translation of viral RNA into proteins, induction of vesicles, and their association into a functional replication complex are coupled processes. This is in agreement with reports that viral RNA must first be translated in order to replicate (43) and also with the suggestion that all components of the replication complex are delivered en bloc directly following translation (19, 64) . Furthermore, it was shown that PV replication occurs only after uninterrupted translation of the P2 and P3 coding sequences (46) . Our observations indicate that preformed vesicles carrying only one PV protein (2BC) cannot accept RNA and other PV replication proteins, nor can vesicles carrying all P2 and P3 replication proteins (pE5PV⌬P1) accept RNA and become organized into a replication complex. Thus, we propose that vesicles to be utilized in a replication complex require that they be formed and provided with the relevant proteins and RNA in cis.
Mutations in most of the noncapsid proteins are unable to be complemented in trans, or if they are, they represent only certain functions of a multifunctional protein (60, 61, 68) . This may result from the formation of the replication complex in cis and from its compact architecture, which sequesters its components and prevents their physical association or exchange with complementing counterparts. In contrast, genetic recombination, which occurs by strand switching during minus-strand synthesis (38) , is reported to take place with rather high frequency (reviewed in references 1, 37, and 68). The observations presented here and summarized in Fig. 7 indicate that there is little exchange of components between different replication complexes. Taken together with the finding that the replication complex is rather tightly sealed (12, 28) , the high frequency of recombination events appears difficult to reconcile.
We propose the following order of events during early steps of PV RNA replication. After translation of viral plus-strand RNA, presumably on the rER, viral proteins induce vesicles and, concomitantly, initiate transcription of the RNA into a minus strand (Fig. 7, steps 1 to 3) . Several ER-derived vesicular clusters, each emerging from one translated RNA, are thought to combine in spherical structures, previously found by FISH to contain plus-and minus-strand RNA (16) . These structures are considered to be the site of continued minusstrand RNA synthesis, thereby enabling recombination. After completion of minus-strand RNA, multiple initiations of plusstrand RNA create the replicative intermediate contained in membrane-bound replication complexes (Fig. 7, step 4 ) which eventually aggregate into the large juxtanuclear area of vesicles, characteristic of PV-infected cells.
